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The  removal  of nutrients  by algae  is regarded  as a vital  process  in  wastewater  treatment,  however  algal cell
activity  can  be  inhibited  by  some  toxic  chemicals  during  the  biological  process.  This  study  investigated
the  uptake  of ammonia  nitrogen  (NH4+) and  total  phosphorus  (TP)  by  a green  alga  (Chlorella  vulgaris)
and  algal  cell  responses  under  the  stress  of  cetyltrimethyl  ammonium  bromide  (CTAB),  a representative
for  quaternary  ammonium  compounds  (QACs,  cationic  surfactants).  When  the  concentration  of  CTAB
increased  from  0 to 0.6 mg/L,  the  uptake  efﬁciencies  of  NH4+ and TP decreased  from  88%  to 18%  and  from
96%  to 15%,  respectively.  Algal  cell  responses  showed  a  decline  in  photosynthesis  activity  as  indicated  byutrient uptake
ell  response
tress
the  increase  of  chlorophyll  autoﬂuorescence  from  2.9 a.u.  to  25.3 a.u.;  and  a decrease  of  cell  viability  from
88%  to 51%;  and  also  a  drop  in  esterase  activity  as  indicated  by  the decrease  in  ﬂuorescence  of ﬂuorescein
diacetate  stained  cells  from  71.5  a.u.  to  4.7  a.u.  Additionally,  a transcription  and  translation  response
was  conﬁrmed  by an  enhancement  of  P O peak  and  amide  II peak  in  algal  cellular  macromolecular
composition  stimulated  by  CTAB.  The  results  suggest  that  QACs  in  wastewater  may  inhibit  nutrient  uptake
ugh  
 201by  algae  signiﬁcantly  thro
©
. Introduction
The removal of
nutrients  is becoming an important priority for wastewater
reatment plants due to eutrophication caused by excessive dis-
harge into the environment (Singh and Thomas, 2012). Algae can
ake up nutrients for growth and assimilate them into cellular
onstituents, thus achieving signiﬁcant reduction in a more envi-
onmentally friendly way. Therefore, the removal of nutrients by
lgal growth is regarded as a vital process in wastewater treatment
Duen˜as et al., 2003; Wang et al., 2010).
Some species of non-toxic algae have been extensively studied
ue to their high efﬁciencies in the removal of nutrients, e.g., a green
lga (Neochloris oleoabundans) was reported to be able to achieve
 complete removal of nitrogen and phosphorus from cultures
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containing up to 218 mg/L and 47 mg/L, with rates of 43.7 mg/L/day
and 9.4 mg/L/day, respectively (Wang and Lan, 2011). Moreover,
with nitrate or urea servicing as nitrogen source, another green
alga, Scenedesmus sp. LX1, was able to grow well and remove 90%
of nitrogen and 100% of phosphorus (Li et al., 2010).
However, algal nutrient uptake may  be inhibited during waste-
water treatment by potentially toxic chemicals, such as surfactants,
heavy metals, and aromatic hydrocarbons. Quaternary ammonium
compounds (QACs) are typical cationic surfactants with at least one
hydrophobic hydrocarbon chain and the other alkyl or aryl groups
(mostly short-chain substituents such as methyl or benzyl groups)
linked to a positively charged nitrogen atom. QACs are extensively
used as disinfectants, pesticides, personal care products, fabric soft-
eners, and corrosion inhibitors (Garcia et al., 2001). The world
annual consumption of QACs was  reported as 5 × 105 tons in 2004
(CESIO, 2004) with an increasing trend. Residual QACs that are dis-
charged into sewage treatment plants are of great concern due to
their biocidal activity when dispersed into different environmental
compartments (Ying, 2006).
It is known that algal growth is very sensitive to the pres-
ence of QACs. Jing et al. (2011) reported that the 96-h EC50 of
QACs (alkyl carbon number: 12–18) on the growth of Scenedesmus
Open access under CC BY-NC-ND license.quadricauda ranged from 0.14 mg/L to 0.58 mg/L. In addition, our
previous study showed that the 96-h EC50 of QACs (alkyl carbon
number: 8–16) on the growth of C. vulgaris ranged from 0.108 mg/L
to 0.197 mg/L, which according to the increase of the alkyl chain
e.
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ength (Zhu et al., 2010). Xu et al. (2011) reported a concentration of
.3 mg/L quarternary alkylammonium chloride (alkyl carbon num-
er: 16) induced a 71% inhibition on the yield of C. vulgaris, and the
ltra-structure of algal cells was destroyed in extreme cases. Fur-
hermore, once entering the cell, surfactants may  affect thylakoid
rganization and chlorophyll synthesis (with subsequent impair-
ent of photosynthetic capacity), and may  interact with bioactive
acromolecules (Vonlanthen et al., 2011). It was reported that
uperoxide dismutase and catalase activities of Dunaliella bardawil
ere signiﬁcantly promoted when exposed to 0.70–1.30 mg/L of
etyl trimethyl ammonium chloride (Qv and Jiang, 2013). However,
here is currently a lack of information on the extent of QACs inhibi-
ion on the uptake of nutrients, in particular algal cellular responses
nder the stress of QACs, which would pose limitations to the actual
pplication of algae in biological wastewater treatment.
With the above background information, the objectives of this
tudy were to investigate: (1) nitrogen and phosphorus uptake; and
2) cell response (variance of chlorophyll ﬂuorescence, cell viabil-
ty, esterase activity, and cellular macromolecular composition) of
. vulgaris under the stress of cetyltrimethyl ammonium bromide
CTAB), as a representative of QACs.
. Materials and methods
.1.  Algal culture and chemicals
C.  vulgaris was obtained from the Institute of Hydrobiology, Chi-
ese Academy of Sciences. The culture medium method was  formed
ased on the Organization for Economic Co-operation and Develop-
ent (OECD, 2006). The pH of the medium was adjusted to 8.0 with
aOH or HCl. Erlenmeyer ﬂasks (250 mL)  containing the culture
edium (100 mL)  were incubated in the shaking incubator (HZ-
00LG, Wuhan Ruihua Instrument and Experiment Co. Ltd., Wuhan,
hina) with a rate of 120 rpm at 25 ± 0.5 ◦C under a light intensity
f 2500 lx with a daily light:dark cycle of 12 h:12 h by ﬂuorescent
amp.
CTAB (analytical grade) was purchased from Robiot Co., Ltd.
Nanjing, China) and the stock solution was prepared with deion-
zed water to 40 mg/L and stored at 4 ◦C. Fluorescein diacetate (FDA)
nd propidium iodide (PI) were purchased from Sigma–Aldrich
Milan, Italy). Stock solutions of FDA and PI were prepared with
cetone and deionized water to 60 mg/L and 30 mg/L and stored at
20 ◦C and 4 ◦C, respectively.
.2. Experimental setup
For  the uptake of NH4+ and TP by C. vulgaris, algal cells in the late
og growth phase (96 h, Fig. S1 in Supplementary Material) were
ollected by centrifugation (4000 rpm, 10 min). After being washed
ith deionized water twice, algal cells were incubated into 100 mL
f modiﬁed OECD medium (without NH4+ and TP) in Erlenmeyer
asks (250 mL)  with an initial cell density of 1 × 106 cells/mL. Ini-
ial concentrations of NH4+ and TP were settled at 10 mg/L and
 mg/L according to our previous study (Fig. S2 in Supplementary
aterial), respectively. Appropriate volumes of CTAB stock solution
ere added into the tested culture to give serial concentrations
f 0.05, 0.1, 0.2, 0.4, 0.6 mg/L for six days, which were enough to
chieve stable removal efﬁciencies (Fig. S3 in Supplementary Mate-
ial). The tested cultures were incubated in the shaking incubator
nder the same culture condition. Cell density was measured daily
ith a spectrophotometer (722S, Shanghai Precision and Scientiﬁcnstrument Co. Ltd., Shanghai, China) at 680 nm and calculated as
he method described by Xu et al. (2011). 10 mL  of algae suspen-
ion withdrawn from the ﬂasks was centrifuged at 4000 rpm for
0 min  at the end of the six-day test. The supernatant was  used for 138– 139 (2013) 81– 87
NH4+ and TP measurement with standard methods established by
the National Environment Protection Agency of China (2002).
2.3.  Chlorophyll autoﬂuorescence
For  groups treated and untreated with CTAB, the algal biomass
was harvested by centrifugation (4000 rpm, 15 min) at the end of
the six-day test, and washed with PBS (pH 7.2) twice. The cells
were re-suspended in PBS (pH 7.2) with an initial cell density of
1 × 106 cells/mL, and 3 mL  of the algal re-suspension was  taken for
Chlorophyll autoﬂuorescence measurement. Fluorescence emis-
sion spectrum of the algae was recorded with a spectroﬂuorimeter
(LS-50B, Perkin Elmer, USA) excited at 480 nm.  Suspension of algae
cultured in OECD medium was  also measured.
2.4. Cell viability
Since  ﬂuorescence of FDA stained algal cells requires esterase
activity and an intact membrane and PI can get into cells only
through the membrane of dead or dying cells, FDA/PI double stain-
ing method can provide information about cell viability (Hurst
et al., 2007). 1 mL  of the algal re-suspension (mentioned in Sec-
tion 2.4) was  taken for staining with FDA and PI solutions at the
concentrations of 20 mg/L and 10 mg/L in the ﬁnal volume of 3 mL,
respectively. After stained with FDA and PI, the algal cells were
analyzed under a confocal laser scanner microscope (CLSM) (Flu-
oview FV1000, Olympus, Tokyo, Japan). Argon (488 nm)  and PI
(536 nm)  lasers were used for excitation and images were acquired
for calculation of cell viability by setting the detection bandwidth
between 500 and 530 nm for FDA ﬂuorescence, 610–630 nm for PI.
Digital image analysis was  performed using the freeware Image
J 1.29× downloadable from the website http://rsb.info.nih.gov/ij
(Nancharaiah  et al., 2007).
2.5.  Esterase activity
FDA  can enter the cells easily and intracellular cleavage of FDA
by esterase results in free ﬂuorescence, hence quantiﬁcation of
the ﬂuorescence could reﬂect metabolic activity of cells (Regel
et al., 2002). 1 mL  of the algal re-suspension (mentioned in Sec-
tion 2.4) was withdrawn for staining with FDA at the concentration
of 20 mg/L for 15 min  in the ﬁnal volume of 3 mL.  The stained
algal re-suspension was  excited at 513 nm and the emission ﬂu-
orescence was  recorded with a spectroﬂuorimeter (LS-50B, Perkin
Elmer, USA) at 615 nm.  Suspension of unstained algae was used as
control for each sample, including the untreated group.
2.6.  Macromolecular composition analyses
After dehydration by freeze-drying, algal cell powder was
mixed with KBr and molded with 769YP-24B hot-press (Keqi
High Technology Co., Tianjin, China). The infrared measure-
ments were performed using a Nicolet 380 Fourier transform
infrared spectrophotometer (Thermo Scientiﬁc Brand, America) in
4000–400 cm−1 range of wave numbers.
2.7. Data analysis
The  removal efﬁciencies of NH4+ and TP were calculated based
on mass balance (Maltais-Landrya et al., 2009). The average growth
rate of algae was  calculated as the daily increase of cell density
during the six-day test period. Cell viability was deﬁned as the
percentage of viable cells within the whole population, in which
non-viable cells are the supplementary percentage (Argüello-
García et al., 2004).
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(1997) demonstrated the 24-h EC50 were 3.5 mg/L for anionic linear
alkylbenzene sulfonate, and 0.79 mg/L for alkyl trimethyl ammo-
nium chloride using a unicellular green alga Dunaliella sp. It was
reported that 150 mg/L nonionic surfactant Triton-X 100 inducedig. 1. Inhibition of the uptake efﬁciencies (A) and biomass based uptake ability (B
Initial  cell density was  1 × 106 cells/mL, and initial concentrations of NH4+ and TP w
All the experiments were performed in triplicates. Signiﬁcant
ifferences were examined by one-way ANOVA (at p = 0.05 levels)
mong the treatments.
.  Results and discussion
.1.  NH4+ and TP uptake by C. vulgaris under the stress of CTAB
Uptake of NH4+ and TP by C. vulgaris under the stress of CTAB
as observed at the end of the six-day test (Fig. 1). It shows a high
emoval ability of NH4+ and TP by C. vulgaris in the absence of CTAB,
nd CTAB exhibited a signiﬁcant inhibition on the uptake efﬁcien-
ies of NH4+ and TP by the algae. With initial concentrations of
0 mg/L NH4+ and 2 mg/L TP, the uptake efﬁciencies were 88% and
6% without the stress of CTAB, respectively. It indicated that C.
ulgaris might be highly suitable algae for removing nutrients from
astewater, especially at the efﬂuence of wastewater treatment
lants (WWTP) at low concentrations. C. vulgaris was  proved to
e more effective in the removal of nutrients than other tested
reshwater algae, e.g., Chlamydomonas reinhardtii and Scenedesmus
bliquus, as shown in Fig. S4 in Supplementary Material. Wang
t al. (2010) evaluated the growth of green algae, Chlorella sp., and
emoval of nitrogen and phosphorus in different kinds of wastewa-
er (before primary settling, after primary settling and generated
n sludge centrifuge) sampled from a local WWTP, and it showed
hlorella sp. could adapt well in all studied wastewater with no lag
hases observed and with more than 74% NH4+ and 83% TP removed
rom the sample wastewater tested.
In this study, when the concentration of CTAB increased from 0
o 0.6 mg/L, the uptake efﬁciencies of NH4+ and TP decreased to 18%
nd 15%, respectively. Meanwhile, the NH4+ and TP uptake, based
n biomass, decreased from 18.3 g/107 cells to 12.0 g/107 cells
nd from 3.9 g/107 cells to 2.0 g/107 cells, respectively.
It  is commonly known that uptake of nutrients for growth of
lgae can be inﬂuenced by a number of factors including environ-
ental contaminants (Talbot et al., 2008). From the above data,
he uptake efﬁciencies of NH4+ and TP were decreased signiﬁcantly
ith the increase of CTAB concentration. The results were in accord
ith the study investigating the stress of Cd2+ to Thalassiosira weiss-
ogii and Prorocentrum minimum (Miao and Wang, 2006), which
howed that the ﬁnal residual nutrient concentrations detected in
he culture after 96 h were notably higher in the groups treated
ith higher Cd2+ concentration (although the same initial cell4 () and TP () by C. vulgaris under the stress of CTAB at the end of six-day test.
0 mg/L and 2 mg/L, respectively.)
density  were used), in addition to a slight decrease in N and P uptake
rates according to the increase of Cd2+ concentration.
3.2. Effect of CTAB on the growth of C. vulgaris
The biomass yield and growth rate of algae in the culture spiked
with different concentrations of CTAB are shown in Fig. 2. As to the
1 × 106 cells/mL initial cell density, the growth of C. vulgaris was sig-
niﬁcantly inhibited by CTAB during the six-day period. Cell yields
were inhibited by 32% and 86% in groups treated with 0.2 mg/L and
0.6 mg/L CTAB compared with that of the CTAB untreated group,
respectively. When the concentration of CTAB increased from 0
to 0.6 mg/L, the average growth rate decreased from 6.4 × 105 to
0.87 × 105 cells/(mL day).
Cationic surfactants are generally known to be more toxic to
algae than anionic and nonionic surfactants. Utsunomiya et al.Fig. 2. The yield inhibition efﬁciencies (bar) and average growth rates (line) of C.
vulgaris under the stress of CTAB at the end of six-day test. (Initial cell density was
1 × 106 cells/mL, and initial concentrations of NH4+ and TP were 10 mg/L and 2 mg/L,
respectively.)
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rTAB at the end of six-day test. CTAB ranged in 0–0.6 mg/L and initial concentrations
f  NH4+ and TP were 10 mg/L and 2 mg/L in the tested groups, respectively. NH4+
nd TP were 3.9 mg/L and 0.2 mg/L in OECD media without CTAB.
 23% inhibition on the yield of C. vulgaris (Xu et al., 2011), while
.1 mg/L cationic CTAB induced a 23% inhibition in our study. Rosen
nd Li (2001) reported the growth of Selenastrum capricornutum
as inhibited by half with the stress of 0.72 mg/L C12TMAC or
.11 mg/L C17TMAC in 96-h culture. Additionally, CTAB decreased
he average growth rate of C. vulgaris. This was in line with the phe-
omenon that the 7-d average speciﬁc growth rates of Lemna gibba
ecreased from 0.28 d−1 to 0.14 d−1 when triclosan increased from
 to 20.8 g/L at 94 g/L phosphorus (Fulton et al., 2009).
.3. Effect of CTAB on chlorophyll autoﬂuorescence
To evaluate cell responses of C. vulagris under the stress of CTAB
n the uptake of NH4+ and TP, changes of chlorophyll autoﬂuores-
ence of the algae cells were scanned from 600 nm to 750 nm at the
nd of the six-day test (Fig. 3). It was found the emission chlorophyll
uorescence intensity of algal cells at 684 nm in the tested medium
10 mg/L NH4+ and 2 mg/L TP) abruptly decreased to 2.9 a.u. con-
rasted to 41.1 a.u. in OECD medium (3.9 mg/L NH4+ and 0.2 mg/L
P), along with the disappearance of a shoulder peak at around
35 nm.  However, in presence of increasing concentrations of CTAB
rom 0 to 0.6 mg/L in the tested medium, the chlorophyll ﬂuores-
ence emission intensity of algal cells at 684 nm gradually increased
rom 2.9 a.u. to 25.3 a.u.
The  Kautsky effect depicts that chlorophyll ﬂuorescence is
nversely correlated with photosynthesis activity shown as the
O2 assimilation rate, which suggests that the less ﬂuorescence
etected the more chemical energy is produced from photons
Govindjee, 1995). Two signatures at around 684 nm and 735 nm
n the chlorophyll autoﬂuorescence spectrum of algae were proved
o be related to the activities of photosystem II (PS II) and photo-
ystem I (PS I) of photosynthesis, respectively (Agati et al., 1995). In
ur study, variation of chlorophyll autoﬂuorescence indicated that
igh nutrient level of the culture medium enhanced the activities
f PS II and PS I. The above phenomena were similar to the observa-
ion of Roberts et al. (2008), who reported that Dunaliella tertiolecta
ultured in phosphate limited culture showed a marked decrease
f emission chlorophyll ﬂuorescence intensity at 686 nm follow-
ng an addition of phosphate, but this response was absent from
ells cultured under phosphate sufﬁcient conditions. It was also
eported that the presence of the QACs, HDTMA, caused a signiﬁcant 138– 139 (2013) 81– 87
reduction  in photochemical response of Ulva lactuca (Masakorala
et al., 2011). In our study, the signature at around 684 nm increased
gradually with the increase of CTAB concentration. Thus, based on
this analysis, it can be concluded that a decrease of photosynthe-
sis activity under the stress of CTAB resulted in the inhibition of
nutrient uptake by algae.
The  effect of chemicals on photosynthesis of algae by chang-
ing the translation of genes related to photosynthesis was reported
by Qian et al. (2008). Surfactants may  disturb the complex struc-
ture of chlorophyll–protein–lipid to reduce photosynthesis activity
(Lipnitskaya and Parshikova, 1993). Hence, our future studies will
focus on the mechanisms relating to QACs effect on photosynthesis
of algae from these aspects.
3.4.  Cell viability and esterase activity
Cells exposed to different concentrations of CTAB were stained
with FDA and PI, and ﬂuorescence photos were obtained with CLSM
at the end of six-day test. The viable cells and unviable cells are
presented in green and red in Fig. 4, respectively, and illustrated
that the percentage of viable cells decreased with the increase of
CTAB concentration. The results of statistical analysis are shown in
Fig. 5, which shows that the percentage of viable cells was 88% in
the CTAB untreated group, compared to 51% in the group treated
with 0.6 mg/L CTAB at the end of test. These results indicated that
CTAB signiﬁcantly decreased cell viability of C. vulgaris.
Due to the positive charge of cationic surfactants, they
would be strongly adsorbed to the negatively charged algal cell
wall/membrane through electrostatic interaction (Ge et al., 2010).
It is apparent that the toxic effect of QACs is likely to cause loss
in cell osmotic regulation ability through ionic interactions with
cell membrane constituents, resulting in leakage of potassium
ions and protons, and thereby decreasing algal cell viability (Tezel
et al., 2006). In our study, staining the algal cells with FDA/PI
revealed a decrease of viable cell percentage with the increase
of CTAB concentration. A similar phenomenon was  observed for
Oligotropha carboxidovorans, which showed a complete loss of
cell viability, when treated with 0.7 mg/L CTAB (Malik et al.,
2005). By ﬂuorescence spectroscopy and ﬂuorescence microscopy,
cationic amphiphiles (Bromoacetyl-bromide, Dodecylamine, etc.)
were demonstrated to interact with the negatively charged cell
membrane of both Gram-negative (Escherichia coli) and Gram-
positive (Staphylococcus aureus) microbes, and cells were killed
through disrupting the membrane integrity (Hoque et al., 2012).
FDA  can enter into cells easily and intracellular cleavage of FDA
by esterase results in free ﬂuorescence. Fluctuation of esterase
activity in algal cells indicates that the cell activities are changed
with the growth condition (Regel et al., 2002). Thus, variance of
esterase activity of C. vulgaris was investigated by staining with
FDA. At the end of six-day test, the emission ﬂuorescence intensity
of FDA stained cells decreased from 71.5 a.u. to 4.7 a.u. in pres-
ence of increasing concentrations of CTAB from 0 to 0.6 mg/L. This
indicated that the average esterase activity reduced according to
the increase of CTAB concentration used in the study. A similar
study proved that 0.92 mg/L and 3.48 mg/L linear alkylbenzene sul-
fonate (alkyl carbon number: 13) inhibited the esterase activity of
Rhodomonas salina and Tetraselmis suecica with an efﬁciency of 50%,
respectively (Hampel et al., 2001).
3.5. Effect of CTAB on cellular macromolecular composition
The variation in macromolecular composition of C. vulgaris
under the stress of CTAB is shown in Fig. 6. FT-IR spectrum
of algal cells showed distinct absorption bands over the wave
numbers ranging in 4000–400 cm−1. These bands were attributed
to C H stretching of methyl and methylene groups of lipids
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Fig. 4. Surface plots of cell viability microscope images in different tested groups by the laser confocal scanning microscopy system under the stress of CTAB at the end
of  six-day test. Viable cells (green) and deactivated cells (red); A–F are represent groups treated with a series CTAB concentrations of 0, 0.05, 0.1, 0.2, 0.4 and 0.6 mg/L,
respectively. X and Y axis are in m,  and the Z axis is pixel intensity value. A 20× objective was used for imaging. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of the article.)
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tig. 5. Variance of cell viability (bar: percentage of viable cells) and esterase activity
line: relative ﬂuorescence intensity, excited at 513 nm and detected at 615 nm)  of
. vulgaris under the stress at the end of six-day test.
2970–2850 cm−1), N H bending of amides from proteins (amide
I, −1540 cm−1), and P O stretching of phosphodiester from nucleic
cid (DNA and RNA, −1245 cm−1) (Jiang et al., 2012).
It  was reported that lipids of a green alga, D. tertiolecta, accu-
ulated under nitrogen starvation growth condition (Chen et al.,
011). The result observed from FT-IR spectra indicated that lipids
2970–2850 cm−1) were formatted and accumulated in C. vulagris
n the process of NH4+ and TP uptake under the stress of CTAB in
−1ur study. In addition, P O (1240 cm ) of phosphodiester groups
f nucleic acids (DNA or RNA) appeared and then increased with
he increase of CTAB concentration. Genes related to phosphate
ransporters of Prymnesium parvum were reported to be highly
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he end of six-day test. 138– 139 (2013) 81– 87
up-regulated under P-starvation (Beszteri et al., 2012). Hence, it is
concluded that the stress of CTAB limited NH4+ and TP uptake and
resulted in nutrient starvation to C. vulgaris. Some proteins were
observed to accumulate in C. vulagris in this study, as indicated by
the presence of an amide II peak (1540 cm−1) positively correlated
to CTAB concentration (Fig. 6). This was possibly related to some
enzymes induced by CTAB stress, since our previous study demon-
strated that stress of surfactants could induce the formation of acid
phosphates and antioxidant enzymes (Xu et al., 2011). Formation
of some nucleic acids (DNA or RNA) and enzymes indicated that
stress of contaminants to algae could induce responses at the level
of transcription and translation.
4.  Conclusion
The experiment data indicated that CTAB signiﬁcantly inhibited
the uptake efﬁciencies, and the biomass based uptake ability of
NH4+ and TP by C. vulgaris. Cell response analyses showed that the
photosynthesis activity, cell viability and esterase activity of C. vul-
garis were signiﬁcantly reduced by CTAB along with the variation
of cellular macromolecular composition. The result of this study
suggests that QACs decreased nutrient removal from wastewater
mainly through inhibiting the cell activities of algae. This informa-
tion is useful to better understand how surfactants affect the uptake
of nutrients by algae and for application of wastewater treatment
process by algae.
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